Accumulating research has documented that microRNA-21 (miR-21) plays an important role in the development of human colorectal carcinoma (CRC). Our recent work also showed that antisense oligonucleotides (ASOs) against miR-21 can impair the growth of CRC cells in vitro. However, the potential role of miR-21 in gene therapy against CRC remains to be fully elucidated. Here, we further observed the effect of ASOs against miR-21 on the growth and metastasis of CRC in vivo using a xenograft model of human CRC. We found that ASOs could effectively inhibit the growth and metastasis of CRC in vivo, accompanied by downregulated expression of miR-21 and reduced transduction of the AKT and ERK pathway. Mechanically, global gene expression analysis showed that the expression of DUSP8, a novel target of miR-21, was upregulated in tumor mass. Furthermore, overexpression of DUSP8 could remarkably suppress the proliferation and migration of CRC cells in vitro. Finally, downregulation of DUSP8 could abrogate the effects of ASOs against miR-21 on the proliferation and migration of CRC cells, as well as altered transduction of the AKT and ERK signaling pathway. Together, these data suggest that ASOs against miRNAs are an attractive and potential therapeutic for the treatment of human CRC and warrant further development.
INTRODUCTION
Colorectal carcinoma (CRC), with an estimated 1.4 million cases and 693,900 deaths occurring worldwide, is the third most commonly diagnosed cancer in men and the second only to breast cancer in women. 1 Even though the 5-and 10-year relative survival rates for patients with CRC have gradually improved, the side effects of regular treatment, including neuropathy, chronic diarrhea, bowel dysfunction, and so on, have a considerable impact on CRC patients in terms of quality of life and treatment compliance. 2 Consequently, it has been necessary for clinical CRC patients to explore new reliable therapeutic strategies. Fortunately, molecular therapy, including techniques involving antisense oligonucleotides (ASOs), has been used to intervene in the growth and metastasis of CRC and thus represents an important tactic in gene therapy for clinical CRC. [3] [4] [5] [6] [7] Furthermore, ASOs have recently undergone substantial development. 8 Modification of DNA backbone chemistry has reduced toxicity, increased target engagement, and improved the destruction of DNA-RNA hybrids. 9 For example, Tangudu et al. 10 reported that upregulation of p53 using anti-miR-21 ASOs linked to rhodamine-labeled nanoparticles and could suppress a CRC model. Kasiri et al. 11 found that ASOs mediated knockdown of HOXC13, a homeobox-containing gene that plays crucial roles in hair development and the origin of replication, and affected human CRC SW480 cell growth and apoptosis. Furthermore, Stolfi et al. 12 revealed that inhibition of smad7 by ASOs reduces the in vitro proliferation of HCT116 cells and the in vivo growth of HCT116-derived xenografts. These studies indicate that ASO-based therapeutic strategy might be a promising approach for clinical therapy against CRC.
MicroRNA-21 (miR-21) is a distinct miRNA family member that plays a pivotal role in the context of pathology, especially induction of inflammatory response, and is involved in the progression of various cancers, including CRC. [13] [14] [15] [16] [17] [18] [19] [20] [21] In CRC, accumulating evidence shows that miR-21 is a vital regulator in the development of CRC through regulation of the proliferation, invasion, and migration, as well as apoptosis, of CRC cells, and it has emerged as a novel potential therapeutic target in CRC. For instance, Mima et al. 22 found that miR-21 expression level in CRC was associated with worse clinical outcomes, and this association was stronger in carcinomas expressing high levels, which played complex roles in immunity and inflammation in tumor progression. Furthermore, Li et al. 23 reported that miR-21 was overexpressed in CRC cell lines and promoted the proliferation, migration, and invasion of these cells in vitro, which was associated with downregulation of Sec23A expression. Consistently, our recent evidence also showed that miR-21 ASO treatment could reduce the proliferation and migration of human CRC cells in vitro, accompanied by altered transduction of the AKT and ERK pathway. 24 These studies indicate the critical role of miR-21 in the development, diagnosis, and clinical outcome and prognosis of CRC. Whether miR-21 might be used, however, and its effects on human CRC in vivo and as a potential target in the gene therapy against CRC remain to be further elucidated.
To address this issue, we used a pre-constructed eukaryotic vector encoding ASOs against miR-21 (termed p-miR-21-ASOs), which was Ki-67 in tumor tissues was analyzed using immunofluorescence assay, and the mean optical density of Ki-67 was calculated using ImageJ software (NIH). (F) Real-time PCR detected the expression of cyclin-dependent kinases (CDK2, CDK3, CDK4, and CDK6) and (H) metastasisrelated molecules (MMP-2, MMP9, E-cadherin, and CXCR4) in tumor tissues. *p < 0.05 and **p < 0.01.
injected locally into a human CRC model by using nude mice, establishing and observing its effects on the growth and metastasis of human CRC cells in vivo. Of note, we used the cDNA chip technique and found overexpression of DUSP8, a novel target molecule of miR-21, in tumor mass. Furthermore, overexpression of DUSP8 could remarkably suppress the proliferation and migration of CRC cells in vitro. Finally, downregulation of DUSP8 could abrogate the effects of ASOs against miR-21 on the proliferation and migration of CRC cells, as well as altered transduction of the AKT and ERK signaling pathway. Thus, this is the first study showing that ASOs against miR-21 can attenuate the growth and metastasis of CRC cells in vivo, closely correlated with upregulated expression of DUSP8, which may ultimately aid in the understanding of the development of CRC and the development of new gene therapeutic strategies against clinical CRC.
RESULTS

ASOs against miR-21 Inhibited the Growth of Human CRC Cells In Vivo
Our previous work showed that ASOs against miR-21 could reduce the proliferation and migration of human CRC cells in vitro. 24 To verify the possible effect of ASOs against miR-21 on the growth and metastasis of human CRC cells in vivo, we designed a xenograft model of human CRC in nude mice to observe the effect of ASOs against miR-21 on the growth of tumor cells in vivo and to explore the potential molecular mechanism on the basis of global gene array analysis (Figures S1A and S1B). As shown in Figures 1A and 1B , both the volume and weight of tumor tissues in the p-miR-21-ASO group were reduced significantly compared with those in the p-Cont group (p < 0.05). H&E staining showed that there were many large areas of necrosis in tumor tissues www.moleculartherapy.org in the p-miR-21-ASO group ( Figure 1C ). As expected, the expression of miR-21 was also much lower than in the p-Cont group (Figures 1D and S3D; p < 0.05), which was consistent with our previous work. 24 Immunofluorescence assay demonstrated that the proliferation of SW620 tumor cells decreased significantly in the p-miR-21-ASO group ( Figure 1E ; p < 0.05). To confirm the impact of downregulation of miR-21 on the growth of cancer cells, we further detected the expression of cyclin-dependent kinases (CDKs), including CDK2, CDK3, CDK4, and CDK6. The data showed that the expression of these CDKs was downregulated remarkably ( Figure 1F ; p < 0.05). Finally, we also noticed that the apoptosis of cells in the p-miR-21-ASO group increased unmistakably in comparison with the p-Cont group ( Figure S2 ).
To further confirm the effect of ASOs against miR-21 on the growth of CRCs in vivo, we also observed the possible effect of ASOs against miR-21 on the growth of the CRC line HCT116 in vivo. As expected and as shown in Figures S3A and S3B , both the volume and weight of tumor tissues in the p-miR-21-ASO group were reduced significantly compared with those in the p-Cont group (p < 0.05). Moreover, immunofluorescence assay also showed that the proliferation of HCT116 tumor cells decreased significantly in the p-miR-21-ASO group ( Figure S3C ; p < 0.05), accompanied with the decreased level of miR-21 in tumor mass ( Figure S3D ; p < 0.05). Combining these data demonstrated that ASOs could clearly downregulate the expression of miR-21 in tumor tissues, which effectively inhibited the growth of CRC cells in vivo.
ASOs against miR-21 Suppressed the Metastasis of Human CRC Cells In Vivo
Our previous work showed that ASOs against miR-21 could impair the metastatic potential of CRC cell in vitro. 24 To evaluate whether downregulated expression of miR-21 could affect the metastasis of human CRC cells in vivo, we examined metastatic lesions in lung tissue using H&E staining assay, which showed a more integral structure of alveolar space in the p-miR-21-ASO group ( Figure 1G ). Moreover, we also detected the expression of metastasis-related molecules, including CXCR4, E-cadherin, MMP-2, and MMP-9. The data showed that the expression of E-cadherin and MMP-2 were increased significantly, and MMP-9 and CXCR4 were decreased remarkably in the p-miR-21-ASO group ( Figure 1H ; p < 0.05). These findings demonstrated that ASOs against miR-21 also could suppress metastasis in lung tissue from the primary tumor of CRC in vivo.
ASOs against miR-21 Altered the Transduction of the AKT and ERK Signaling Pathway in CRC An increasing body of literature documents that miR-21 can regulate the growth of CRC cells through various signal pathways, such as the AKT and ERK pathway, which closely correlated with the proliferation and metastasis of CRC. [25] [26] [27] Our previous work also showed that downregulated expression of miR-21 could inhibit the proliferation and migration of human CRC cells through the AKT and ERK pathway. 24 Thus, to further investigate the effect of downregulated expression of miR-21 by ASOs on the growth and metastasis of CRC cells, we analyzed the expression level of phosphorylation of AKT (p-AKT) and ERK1/2 (p-ERK1/2) in tumor tissues derived from the p-miR-21-ASO group or p-Cont group. The data showed that there were no significant differences in the expression levels of both AKT and ERK between the p-miR-21-ASO group and the p-Cont group. Interestingly, the expression levels of p-AKT and p-ERK significantly decreased in the p-miR-21-ASO group (Figures 2A and 2B, left; p < 0.05). To confirm these findings, we also transiently transfected the recombined plasmid of p-miR-21-ASOs or p-Cont into SW620 in vitro and found that the expression levels of both p-AKT and p-ERK were reduced remarkably in the . Seven days later, the plasmid of p-miR-21-ASOs (100 mg) or p-Cont (100 mg) was locally given by subcutaneous injection into the tumor tissues of nude mice four times every 3 days. Six days after the last injection, tumor tissues were collected. Protein levels of AKT, p-AKT, ERK, and p-ERK were detected using western blot, and the gray intensity value was calculated using ImageJ software. To investigate the underlying mechanism of the downregulated expression level of miR-21 by ASOs, the next experimental process was conducted ( Figure S1B ). We analyzed the global gene expression profiles in tumor tissues of SW620 cells between the p-miR-21-ASO group and the p-Cont group using gene expression microarray assay. The altered gene expression profiles in the p-miR-21-ASOs group are shown in a heatmap ( Figures S4A and S4B ). Given a 2-fold change and p < 0.05 (up and down) in differential expression as a cutoff, the number of altered genes was reduced to 1,726, 773 of which were upregulated and 953 downregulated ( Figure 3A ); 4-fold-changed genes are shown in Table S2 . Gene Ontology (GO) analysis showed that the upregulation of differentially expressed genes were significantly enriched in the first 15 GO items in the three parts of a biological process, cell component, and molecular functions ( Figure S4C ).
To further elucidate the potential molecular mechanism through which downregulated expression level of miR-21 by ASOs affected the growth of CRC cells, we used TargetScan and MIRDB software to screen out 16 genes, 5 of which were upregulated, the putative target genes of miR-21 PDZD2, DUSP8, B3GAT2, STAG2, and CCL1, which are closely correlated with proliferation, apoptosis, and metastasis in tumor cells according to previous research [28] [29] [30] [31] [32] ( Figures 3B and 3C ).
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DUSP8 Is a New Direct Target of miR-21
To further investigate the putative target of miR-21, we verified the expression of these five predicted target genes on tumor tissues and tumor cells, respectively. Unexpectedly, real-time PCR assay showed that only DUSP8, one target among all predicted target genes of miR-21, was significantly upregulated both in tumor tissues in the p-miR-21-ASO group ( Figure 3D ; p < 0.05) and in the p-miR-21-ASO-transfected tumor cells ( Figure 3E ; p < 0.05). Interestingly, a spurious finding was that many predicted target genes of miR-21 from TargetScan, RNA22-SHA, and MIRDB had intersection elements with microarray chip, which indicated that DUSP8 was the only target molecule of miR-21 through Venn analysis ( Figure 3F ). Further analysis showed that miR-21 could directly bind to the 3 0 -UTR of DUSP8 mRNA ( Figure 3G ). Moreover, we performed western blot and immunohistochemistry assay to detect the expression of DUSP8 on protein levels in tumor tissues and cells and obtained similar results ( Figures 3I and 3J ). In addition, dual luciferase reporter assay showed that miR-21 could bind to the 3 0 -UTR of DUSP8 mRNA ( Figure 3H ; p < 0.05). Collectively, our data indicated that downregulated expression of miR-21 by ASOs could affect the growth of human CRC cells, which could be strongly linked to the upregulated expression of DUSP8, a new target molecule of miR-21.
Overexpression of DUSP8 Suppressed the Proliferation and Migration of Human CRC Cells In Vitro
Previous works showed that DUSP8, a member of protein tyrosine phosphatase (PTP) family, played a vital part in the progression of cancers such as leukemia. 33, 34 However, knowledge on the possible role of DUSP8 in the development of CRC is still limited. To explore whether DUSP8 plays a critical biological role in the proliferation and migration of CRC cells, we constructed a eukaryotic expression vector of DUSP8 (termed p-DUSP8) and then transiently transfected p-DUSP8 into CRC SW620 cells in vitro. As expected, real-time PCR assay showed that the expression level of DUSP8 significantly increased in the p-DUSP8 transfection group compared with the control group ( Figure 4A ; p < 0.05). Moreover, immunofluorescence assay produced a consistent result ( Figure 4B ). Importantly, CCK-8 assay showed that the proliferation of SW620 cells decreased significantly ( Figure 4C ; p < 0.05). Moreover, we found that the colony capability of single-cell and colony numbers was attenuated (Figures 4D and 4E; p < 0.05). Finally, wound-healing assay also showed that the migration ability of cells was abrogated ( Figure 4F ; p < 0.05).
Meanwhile, to further verify the role of DUSP8 in the proliferation and migration of CRC, we detected the expression of CDKs including CDK2, CDK3, CDK4, and CDK6, as well as metastasis-related molecules including MMP-2, MMP-9, E-cadherin, and CXCR4. The data showed that compared with those in the control group, the expression of all of these molecules (E-cadherin increased obviously) decreased significantly in the p-DUSP8 transfection group ( Figure 4G ; p < 0.05). Finally, we also analyzed the possible change in the transduction of the AKT and ERK pathway. Western blotting assay showed that the expression level of DUSP8 protein was significantly increased in the p-DUSP8 transfection group ( Figure 4H ; p < 0.05), consistent with our above data. Importantly, we noticed that the expression of p-AKT decreased remarkably, but p-ERK increased unmistakably ( Figure 4H ; p < 0.05). Combining these data indicated that DUSP8, as a new oncogene, could suppress the proliferation and migration of CRC cells by regulating the AKT/ERK signaling pathway.
Downregulation of DUSP8 Abrogated the Effects of ASOs against miR-21 on the Proliferation and Migration of Human CRC Cells
To further explore whether upregulation of DUSP8 contributed to the suppressive effect of ASOs against miR-21 on human CRC cells, we transiently co-transfected the plasmids of p-miR-21-ASOs and p-DUSP8-RNAi into SW620 cells and observed the possible change on cell proliferation and migration. As shown in Figure 5A , the proliferation of SW620 cells increased significantly in the p-miR-21-ASOs/p-DUSP8-RNAi co-transfection group compared with those in the p-miR-21-ASOs/p-DUSP8-Cont co-transfection group, in contrast to the above data. Moreover, we also determined the expression level of DUSP8, which was decreased unmistakably ( Figure 5B ; p < 0.05). Further analysis showed that the colony numbers and migration ability of SW620 cells in the p-miR-21-ASOs/p-DUSP8-RNAi co-transfection group were elevated significantly compared with those in the p-miR-21-ASOs/p-DUSP8-Cont co-transfection group (Figures 5C and 5D ; p < 0.05). Consistently, real-time PCR showed that the expression of CDKs, including CDK2, CDK3, CDK4, and CDK6, was elevated significantly in the p-miR-21-ASOs/p-DUSP8-RNAi co-transfection group ( Figure 5E ; p < 0.05). Moreover, the expression of metastasis-related molecules including MMP-2 and CXCR4 was also elevated remarkably ( Figure 5E ; p < 0.05). Finally, we also analyzed the expression of p-AKT and p-ERK on SW620 cells in two groups. The data showed that the expression of DUSP8 on protein level decreased unmistakably (Figure 5F ; p < 0.05). Importantly, the level of both p-AKT and p-ERK also significantly increased ( Figure 5F ; p < 0.05). Combing these results demonstrated that the upregulation of DUSP8 was critical for the effect of ASOs against miR-21 on the proliferation and migration of human CRC cells.
DISCUSSION
In this study, the data first showed that ASOs against miR-21 could effectively inhibit the growth and metastasis of CRC in vivo. Notably, we further demonstrated that upregulation of DUSP8, a novel target of miR-21, contributed to the effects of downregulating the expression of miR-21 by ASOs on the growth and metastasis of CRC cells, accompanied by altered transduction of related signaling pathways, including the AKT and ERK pathway. Finally, overexpression of DUSP8 could remarkably suppress the proliferation and migration of CRC cells in vitro.
miR-21 was one of the first miRNAs detected in the human genome and has been associated with many types of cancers, including CRC. 35, 36 More important, high miR-21 expression is associated with poor survival and poor therapeutic outcomes, and miR-21 also has been shown to correlate with prognosis in patients with stage II CRC. [37] [38] [39] This previous research revealed that the expression level of miR-21 is closely associated with survival and prognosis in patients in different tumor-node-metastasis (TNM) stages. In our previous work, we found that ASOs against miR-21 could reduce the growth and metastasis of human CRC cells in vitro. 24 In the present study, we extended our previous finding by demonstrating that ASOs could obviously abrogate the expression of miR-21 in tumor tissues and subsequently reduce the growth and metastasis of CRC cells in vivo, accompanied by altered expression of cell CDK factors and metastasis-related molecules such as CDK and MMP family members. Human CRC SW620 cells were transiently transfected with p-DUSP8 (2.5 mg) or p-EGFP (2.5 mg) in vitro. Fortyeight hours later, (A) the relative expression of DUSP8 was determined using real-time PCR, (B) the protein level of DUSP8 was examined using immunofluorescence, and (C) the proliferation of cells was detected using the CCK-8 assay. (D) The colony capability of a single cell was observed using microscopy (magnification 100Â) and the colony area (square millimeters) was calculated using ImageJ software. (E) Colon formation assay also was performed and calculated at the indicated time point. (F) Migration of SW620 cells was performed using woundhealing assay (magnification 100Â), and the open wound area (square millimeters) also was calculated using ImageJ software. (G) Expression of indicated cyclindependent kinases and metastasis-related molecules was detected using real-time PCR. (H) Protein expression of DUSP8, ERK, p-ERK, AKT, and p-AKT also was detected by western blot, and the gray intensity value was calculated using ImageJ software. Representative data from three independent experiments are shown. *p < 0.05 and **p < 0.01.
These data suggest that miR-21-ASO can inhibit the growth and metastasis of CRC cells in vitro and in vivo. In line with our work, Li et al. 40 reported that downregulation of the oncogenic miR-21 by ASOs resulted in upregulation of the tumor-suppressor genes PDCD4 and PTEN and the suppression of epithelial-mesenchymal transition, which inhibited the proliferation and reduced the clonal formation, migration, and invasion of pancreatic cancer cells in vitro. Moreover, Ross et al. 41 described the preclinical evaluation of AZD4785, a highaffinity constrained ethyl-containing therapeutic ASO targeting KRAS mRNA. Systemic delivery of AZD4785 to mice bearing KRASmutant cell lines of non-small-cell lung cancer (NSCLC) using xenografts or patient-derived xenografts resulted in inhibition of KRAS expression in tumors and antitumor activity. Combing these data might highlight the promising prospect of ASOs against distinct miRNA molecules in cancer gene therapy. Therefore, further analysis of the distribution and potential toxicity of ASOs in vivo, which was not investigated in this study, might be of great value for the application of ASOs against miR-21 in gene therapy against clinical CRC.
Accumulating evidence shows that the molecular mechanism of miR-21 regulating proliferation and migration of CRC cells was very complicated. For instance, Ferraro et al. 42 reported that miR-21 could regulate the metastasis of CRC cells through ITGB4 expression www.moleculartherapy.org in vitro. Moreover, Peacock et al. 43 found that miR-21 could control PDCD4 expression in CRC cells in vitro. In our previous work, we found that miR-21 could regulate the growth and metastasis of CRC cells through regulating PTEN expression. 24 Unexpectedly, in the present study, global gene expression analysis showed that DUSP8, but not PTEN, was upregulated in CRC tumor tissue in vivo. Most important, downregulation of DUSP8 could abrogate the effect of ASOs against miR-21 on the growth and metastasis of CRC cells. These data demonstrate that DUSP8, a novel target of miR-21, contributes to the effects of ASOs against miR-21 expression in CRC. Similarly, Bleau et al. 44 found that miR-146a targeted c-met and abol- , and the open wound area (square millimeters) also was calculated using ImageJ software. (E) Expression of indicated cyclindependent kinases and metastasis-related molecules was detected using real-time PCR. (F) Protein expression of DUSP8, ERK, p-ERK, AKT, and p-AKT also were detected using western blot, and the gray intensity value was calculated using ImageJ software. Representative data from three independent experiments are shown. *p < 0.05 and **p < 0.01.
ished CRC liver metastasis, and Xiong et al. 45 reported that miR-7 regulated the growth of human lung cancer cells through PA28. In our previous work, we found that miR-7 could regulate the growth and metastasis of human lung cancer cells in vivo and in vitro through NUDFA4. 46 Thus, we proposed that it reflects the complexity of miRNAs contributing to the development of cancers, and the different experimental setting in a distinct research study might also be responsible for this controversial phenomenon. Thus, in successive research work, further investigation of the connection between miR-21 and different targets in CRC is very important to illustrate the biological function of miR-21 in the development of CRC.
Dual-specificity phosphatase 8 (DUSP8), a novel PTP (a homolog of vaccinia virus H1 phosphatase gene clone 5 [hVH-5]), was expressed predominantly in the adult brain, heart, and skeletal muscle; it shared sequence similarity with a subset of PTPs that negatively regulate the activity of mitogen-activated protein kinases (MAPKs) through selective dephosphorylation. 47 Recent studies showed that DUSP8 has broad substrate specificity aimed at p38MAPK, ERK1/2 MAPK, and JNK MAPK, which was involved in multiple biological processes, including cancers. 48 Until now, the role of DUSP8 in the progression of cancers has been largely unknown. 33, 34, 49, 50 Heminger et al. 51 found that the expression of DUSP8 was induced by ionizing radiation and glycolytic inhibitor 2-deoxyglucose in human glioma cells, indicating that DUSP8 might be as a suppressor in cancer. However, Lim et al. 52 reported that aberrant CpG methylation in DUSP8 was detected in ovarian cancer cell lines, and methylation of DUSP8 was observed in 15%-38% of primary ovarian tumors. Moreover, DUSP8 methylation was an independent predictor of favorable progression-free survival (PFS) and overall survival (OS), indicating that DUSP8 methylation, in a sense, is a favorable clinical outcome marker. In the present study, we found that overexpression of DUSP8 could obviously inhibit the proliferation and migration of CRC cells. Furthermore, overexpression of DUSP8 could significantly alter the transduction of the AKT and ERK signaling pathway, which was consistent with the effect of ASOs against miR-21 in CRC. These data suggest that DUSP8 might be a novel tumor suppressor gene in growth and metastasis of CRC cells. However, the expression of DUSP8 in clinical CRC and its potential connection with miR-21 expression, as well as the development of CRC, remain to be fully elucidated in the future, which was very helpful for the validation of the substantial role of the miR-21/DUSP8 axis in the development of CRC.
In conclusion, our study is the first to reveal that ASOs against miR-21 could significantly repress the growth and metastasis of human CRC in vivo, which was closely associated with upregulation of DUSP8, a novel target of miR-21, and altered transduction of related signaling pathways, including AKT and ERK ( Figure 6 ). These data indicate that ASOs against miR-21 might be an ideal strategy for targeting therapy in human CRC, providing a preliminary experimental basis for gene therapy of miRNAs against clinical CRC.
MATERIALS AND METHODS
Eukaryotic Vector Construction
Plasmid pcDNA-6.2-miR-21-ASO (termed p-miR-21-ASO) was used per our previous description, 24 and the map of p-miR-21-ASOs is shown in Figure S1A . The gene for DUSP8 (NM_004420.2) was expanded by PCR from human cDNA derived from FHC cells using a forward primer (CCGGAATTCATGGCTGGGGACCGGCTCCC) and a reverse primer (CGCGGATCCTCAG GACACCTCGATGACCT) and then subcloned into EcoR I and BamH I sites of pEGFP-N1 vector (Clontech, Kyoto, Japan). The shRNA sequence against human DUSP8 gene (NM_ 004420.2) was ligated into pLVX-shRNA1 vector (Clontech), termed p-DUSP8-RNAi. The Sh-DUSP8 sense strand was 5 0 -GATCCGCC ATCGAGTTCATCGATAATTCAA--GAGATTATCGATGAACT CGATGGTTTTTTACGCGTG-3 0 ; the antisense strand was 5 0 -GCG GTAGCTCAAGTAGCTATTAAGTTCTCTAATAGCTACTTGAG CTACCAAAAAAT-GCGCACTTAA-3 0 . For negative control vector p-EGFP or p-DUSP8-Cont was used. All sequences were confirmed by sequencing.
Cell Culture and Transient Transfection
Human colon carcinoma cell line SW620 was obtained from the Shanghai Institutes for Biological Sciences Cell Resource Center (catalog number TCHu101, the latest identification in 2017) and cultured in Leibovitz's L-15 medium (Life Technologies,Grand Island, NY, USA), containing 100 IU/mL penicillin, 100 mg/mL streptomycin, 20 mM glutamine, and 10% fetal bovine serum (FBS; GIBCO, Grand Island, NY, USA), incubated in a humidified incubator at 37 C without CO 2 . For transfection, cells were seeded at 80%-90% confluence and 18 hr later transiently transfected with indicated plasmids using Lipofectamine 3000 (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions. Cells were harvested 48 hr posttransfection for following experiments.
Xenograft Model Antitumor Assay in Nude Mice
For the in vivo study, athymic nude mice (BALB/C, 4-6 weeks old, female) were purchased from the Shanghai Laboratory Animal Research Center (Shanghai, China). Animals were handled in accordance with the Guidelines for the Care and Use of Laboratory Animals (Ministry of Health, People's Republic of China, 1998), and all experimental procedures were in accordance with the ethical guidelines of Shanghai Medical Laboratory Animal Care and Use Committee (permit number 2013018). For the preparation of the subcutaneous xenograft model, cells were subcutaneously implanted into the right flanks of nude mice at 3.5 Â 10 6 SW620 cell density (n = 20). Then, 7 days after tumor cell inoculation with confirmation of successful maturation of tumors, 20 mice were divided randomly into www.moleculartherapy.org two groups (10 mice per group). A 100 mg plasmid of p-miR-21-ASOs or p-Cont was given locally by direct injection into the tumor tissues of nude mice at four times every 3 days. Tumor volume was calculated using the formula volume (mm 3 ) = (length Â width 2 )/2. After 18 days of treatment, all mice were sacrificed. Tumor tissues were peeled off and divided into two parts. One part was stored at À80 C for further experiments, and another section was fixed in formalin and embedded in paraffin, which was used for H&E staining.
RNA and miRNA Isolation and qRT-PCR
Total RNA was isolated from cell lines or tumor tissues with RNAiso Plus reagents (Takara, Ohtsu, Japan) according to the manufacturer's instructions. The TaqMan MicroRNA Reverse Transcription Kit (Thermo Fisher Scientific) and PrimeScripRT Reagent Kit (Takara, Kusatsu, Japan) were used for reverse transcription of miRNA-21 and indicated genes, respectively. qRT-PCR was performed to quantify mature miRNA-21 expression and mRNA expression using the miR-21 probe of TaqMan (Life Technologies) and SYBR Premix Ex Taq II (Takara, Kusatsu, Japan). Data collection was accomplished using the CFX96 Real-Time System (Bio-Rad). Relative expression level was normalized and calculated using the relative quantification (2 ÀDDCt ) method. The indicated genes and their primer sequences are shown in Table S1 .
Cell Proliferation Assay
Cells from each group were plated in 96-well plates at a density of 1 Â 10 4 cells/well containing complete medium without any antibiotics. After incubating for 18 hr, cells were transfected with indicated plasmids using Lipofectamine 3000 for 48 hr. Cells were detected using Cell Counting Kit-8 (CCK8; Beyotime Institute of Biotechnology, Jiangsu, China). In brief, 10 mL CCK8 solution was added into each well and incubated at 37 C for 2 hr. Then absorbance was measured using a multifunctional microplate reader at 450 nm with 600 nm as a reference.
Gene Expression Microarray and Analysis
NanoDrop ND-1000 was used to measure RNA quantity and quality. RNA integrity was assessed using standard denaturing agarose gel electrophoresis. The Whole Human Genome Oligo Microarray is a broad view that represents all known genes and transcripts in the human genome. Sequences were compiled from a broad source survey and then verified and optimized by alignment to the assembled human genome. Sample labeling and array hybridization were performed according to the Agilent One-Color Microarray-Based Gene Expression Analysis protocol (Agilent Technologies). Briefly, total RNA from each sample was linearly amplified and labeled with Cy3-UTP. The labeled cRNAs were purified using the RNeasy Mini Kit (QIAGEN). The concentration and specific activity of the labeled cRNAs (pmol Cy3/mg cRNA) were measured using NanoDrop ND-1000. One microgram of each labeled cRNA was fragmented by adding 11 mL 10 Â blocking agent and 2.2 mL of 25 Â fragmentation buffer, then heated at 60 C for 30 min, and finally 55 mL 2 Â GE hybridization buffer was added to dilute the labeled cRNA. Hybridization solution (100 mL) was dispensed into the gasket slide and assembled to the gene expression microarray slide. The slides were incubated for 17 hr at 65 C in an Agilent hybridization oven. The hybridized arrays were washed, fixed, and scanned using the Agilent DNA Microarray Scanner (part number G2505C).
Agilent Feature Extraction software (version 11.0.1.1) was used to analyze acquired array images. Quantile normalization and subsequent data processing were performed using the GeneSpring GX version 12.1 software package (Agilent Technologies). After quantile normalization of the raw data, genes that at least one of two samples had flags of detected ("all targets value") were chosen for further data analysis. Differentially expressed genes with statistical significance between the two groups were identified using volcano plot filtering. Differentially expressed genes between the two samples were identified using fold change filtering. Hierarchical clustering was performed using R scripts. GO analysis was performed using the standard enrichment computation method. Global gene expression array data are available in the National Center for Biotechnology Information (NCBI) Gene Expression Omnibus (GEO) under accession number GEO: GSE109592.
Dual Luciferase Reporter Assay
By using the TargetScan database, a potential binding site of hsa-miR-21 was predicted at position 1650-1657 (5 0 -AAUAAGCU-3 0 ) of DUSP8 3 0 -UTR. A fragment of 200 bp containing wild-type DUSP8 3 0 -UTR (5 0 -AAUAAGCU-3 0 ) or a random mutation sequence of mutant DUSP8 3 0 -UTR (5 0 -AGAUUAGA-3 0 ) was directly synthesized (Sangon, Shanghai, China). Two fragments were ligated to pEZX-FR02 reporter vector (GeneCopoeia, Rockville, MA, USA). Then, the wild-type (DUSP8 3 0 -UTR WT) or mutant reporter vector (DUSP8 3 0 -UTR MT) was co-transfected into 293T cells in 12-well plates with 100 nm miR-21 mimics or miR-21 mimics negative control by Lipofectamine 3000 (Invitrogen). The Dual-Luciferase Reporter Assay System (Promega) was used to detect the luciferase activity of Firefly and Renilla, and the ratio was normalized.
Plate Colony Formation Assay
Cells were trypsinized 48 hr post-transfection to prepare single-cell suspension and seeded in six-well plates (200 and 800 cells/well). Then the cells were cultured in a humidified atmosphere without CO 2 at 37 C. The medium was changed every 5 days. Two weeks later, the cells were washed with PBS three times, immobilized with 4% paraformaldehyde for 20 min, and then stained with 0.2% crystal violet for 30 min. Next, the colonies were carefully rinsed with PBS until the background was clear. Thereafter the colony diameter and number were statistically analyzed. The colony formation rate was calculated as (number of colonies/number of incubating cells) Â 100%.
Tissue Histopathology
Tumor tissues were fixed in 4% paraformaldehyde, embedded in paraffin, and cut into 5-mm-thick sections. Sections were stained with H&E (Beyotime Institute of Biotechnology, Jiangsu, China), and images were taken using a light microscope (Olympus, Tokyo, Japan). All tumor tissues at original magnification 200Â and 400Â were examined for each sample.
In Vitro Wound-Healing Assay Wound-healing assay was used to examine for cell migration and invasion. Cells were plated in 24-well plates at a density of 2 Â 10 5 cells/ well containing complete medium without any antibiotics and cultured for 18 hr. Then, cells from each well were transiently transfected indicated plasmids using Lipofectamine 3000 for 6 hr and wounded with pipette tips. Thereafter cells were carefully washed with PBS three times to remove cell debris, and the medium was refreshed with 0.1% FBS. The scratch areas were observed under a microscope with magnification 100Â , and the migrated cells were counted 48 hr post-transfection.
Western Blot
Cells and tumor tissues were lysed with protein extraction reagent (KeyGEN BioTECH, Jiangsu, China) according to the manufacturer's instructions, and total cell lysate protein samples were obtained. Then samples were equally loaded on 10% SDS-polyacrylamide gel, electrophoresed, and transferred to polyvinylidene difluoride membranes (Bio-Rad). After blocking with 5% BSA in Tris-buffered saline (TBS) with 0.1% Tween 20 (TBST) for 2 hr, the membranes were incubated with the primary antibodies rabbit-polyclonal anti-human DUSP8 (1:2,000; Abcam, Cambridge, UK), rabbit-monoclonal antihuman ERK (1:1,000; Cell Signaling Technology (Danvers, MA, USA)), rabbit-polyclonal anti-human p-ERK (1:2,000; Cell Signaling Technology), rabbit-monoclonal anti-human AKT (1:1,000; Cell Signaling Technology), rabbit-monoclonal anti-human p-AKT (1:2,000; Cell Signaling Technology), or rabbit-monoclonal anti-human GAPDH (1:2,000; Cell Signaling Technology) at 4 C overnight. After the overnight incubation with the primary antibodies, membranes were washed in TBST three times and subsequently probed with a secondary anti-rabbit Ab-conjugated to horseradish peroxidase (HRP) for 1 hr (1:2,000; Cell Signaling Technology). Finally, the signals were detected and analyzed using the chemiluminescence image system (Bio-Rad).
Immunofluorescence
Ki-67 (proliferating cell nuclear antigen) was used to assess the proliferation of tumor cells in tumor tissues after local injection of the plasmid of p-miR-21-ASOs or p-Cont. All frozen sections of tumor tissues were cut into 5-mm-thick slides. After washing with PBS three times and blocking with 10% normal goat serum for 30 min at room temperature and incubation with rabbit-monoclonal anti-human anti-Ki-67 antibody (1:100; Santa Cruz Biotechnology) at 4 C overnight, the sections were washed in PBS and incubated with a secondary antibody of Alexa Fluor 594-conjugated goat-anti-rabbit IgG (1:250; Invitrogen) for 1 hr in the dark at room temperature. After washing in PBS three times, the slides were counterstained, mounted with SlowFade Gold Antifade Reagent with DAPI (40,6-diamidino-2-phenylindole; Thermo Fisher Scientific), and left for 10 min in the dark at room temperature before examination by fluorescence microscopy (Zeiss Axioplan 2).
To detect the expression of DUSP8, cells were plated in 24-well plates with glass slides at a density of 2 Â 10 5 cells/well containing complete medium without any antibiotics and cultured for 18 hr. Then, cells from each well were transiently transfected with indicated plasmids using Lipofectamine 3000 for 48 hr. After that, the cells were fixed, permeabilized and blocked with Image-it Fix-Perm Kit (Life Technologies), and incubated with rabbit-polyclonal anti-human DUSP8 (1:500; Abcam) at 4 C for overnight, followed by anti-rabbit IgG conjugated Alexa Fluor 647 (1:200; Cell Signaling Technology) for 1 hr. After washing in PBS three times, the slides were counterstained, mounted with Prolong Gold antifade reagent with DAPI (Invitrogen), and left overnight in the dark at room temperature. Cells were observed and photographed by confocal microscopy (Leica TCS SP8 X).
Tissue Immunohistochemistry
Immunohistochemical staining was performed following standard procedures. Tumor tissues were sliced into 5-mm-thick sections and fixed with formalin and embedded in paraffin. Then the slides were dewaxed, rehydrated, and fixed. Antigen epitope repairing was performed in 10 mmol/L citric acid buffer (pH 6.0), and endogenous peroxidase activity was blocked with 3% hydrogen peroxide in methanol. After incubation with rabbit-polyclonal anti-human DUSP8 antibody overnight at 4 C, the sections were washed in PBS and incubated with a secondary antibody of polymer HRP conjugate (ZSGB-Bio, Beijing, China) for 1 hr. Finally, the sections were further incubated using the Liquid DAB Large-Volume Substrate-Chromogen System (ZSGB-Bio) and counterstained with hematoxylin. Slides were imaged under a light microscope (Olympus) at 200Â and 400Â magnification.
Statistical Analysis
All data are presented as mean ± SD from at least three independent experiments. Unpaired Student's t test (two-tailed) for two groups or one-way ANOVA with Bonferroni's correction for three or more groups was performed to evaluate statistical significance using GraphPad Prism 6 software. Differences were considered statically significant when p values were less than 0.05.
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